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Abstract
The work is devoted to optimization modeling of an influence of pasteurization with oxygen absorbers on spoilage processes 
of lipids of boiled sausage products. According to the results, the influence on changes of peroxide and acid numbers of lipids of 
small sausages, pasteurized at presence of an oxygen absorber, has been mathematically prognosticated. 
At mathematical modeling, mathematic packages MathCad and «Data analysis» (ЕТ) MSExcel were used. The experiment 
was planned according to the plan of full factorial experiment. 
The dependence as to the influence of the recipe composition of sausage products at their storage on peroxide and acid num-
ber values has been revealed. 
The conducted modeling allows to state the adequacy of obtained regressive equations. The obtained empirical dependencies 
allow to prognosticate a storage term of boiled sausages products, pasteurized with elements of active package at using protecting 
barrier multi-layer polymeric materials. 
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The optimization modeling was conducted by structuring a mathematical model as an analytic expression that reflects the 
connection of factor signs with a parametric index. The obtained response functions are adequate and have a high correspondence 
to real experimental data. 
Storage terms were substantiated for small sausages, which recipe included beef, pork, poultry meat and also food emulsions, 
based on animal proteins. The process of repeated pasteurization was conducted at temperature 85–90 °С during 15–20 minutes.




Providing quality and safety of sausage products at their storage depends on observing the 
production technology and storage conditions [1, 2].
The presence of specific microflora may accelerate spoilage processes and needs obser-
vance of the initial control of raw materials, search for methods of stabilizing microbiological 
contamination at production and storage stages [1, 3, 4]. 
Important factors of safety provision of sausage products are a counteraction to accumu-
lation of peroxide (PN) and acid (AN) numbers that determine lipids spoilage [5, 6]. The pro-
cess of lipids spoilage is one of criteria that determine the consumption appropriateness term of 
products [7, 8]. 
Thus, prognostication of the process of lipids spoilage at using antioxidants and modern 
packing technologies, including ones for pasteurized sausage products, is an urgent question that 
needs scientific substantiation [8].
2. Problem review 
Most studies for prolonging storage terms with using high-barrier package materials and 
active packing elements are aimed at improving products protection from external factors [4, 5]. A 
choice of rational ways of thermal processing [8], and use of methods of increasing microbiological 
stability of raw materials remain urgent [7].
System analysis, optimization modeling as to estimating the influence of raw materials on 
products quality and safety are used in scientific works [9]. A factor space for most studies is taking 
into account raw material types, methods and regimes of thermal processing [10, 11].
For prolonging storage terms of pasteurized sausage products, an influence of varying the 
chemical composition of recipes on safety parameters at storage has not been studied yet. 
In most researches studies of the influence of regulators of oxidation processes are oriented 
on using natural antioxidants, oleoresins of spices and extracts, and that doesn’t take into account 
their possible inactivation at pasteurization [12, 13]. The use of active high-barrier package [14, 15], 
non-traditional methods of raw materials preparation [16, 17] are potential directions of further 
studies. But at using methods of increasing package barriers, more attention must be paid to 
reorientation of raw material resources on using poultry meat, vegetable fillers [18–20], milk 
processing products [21, 22], food hydrocolloids and emulsions [25]. Effective prognostication 
of storage terms of pasteurized sausages needs determining their influence on products safe-
ty parameters, namely microbiological contamination, lipids spoilage, creation of undesirable 
low-molecular compounds. 
It is urgent to conduct a non-parametric analysis of MAFAM accumulation, kinetics of lipids 
spoilage at storage for sausages with an essential part of secondary animal raw materials [23, 24]. 
Boiled sausages belong to products with a high aw [26, 27] that may cause moisture separa-
tion at storage alongside with microbiological spoilage [28]. An influence of non-bound water on 
lipids spoilage processes at using repeated pasteurization needs specification [29–31].
An influence of “active package” elements on lipids and microflora stability in pasteurized 
boiled sausage products at long-term storage has not been properly studied and parameterized [34].
That is why parametrization and obtaining of adequate dependencies of the influence of 
“active package” elements use at pasteurization on lipids spoilage resistance in boiled sausages at 
long storage terms need researches. 
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Statistically reliable parametrization allows to prognosticate and substantiate rational stor-
age terms of pasteurized boiled sausages of long-term storage. 
3. Research aim and tasks 
The research aim is to prognosticate storage terms of sausages, pasteurized using a sa-
chet-package of an oxygen absorber. 
The following tasks were set for attaining this aim:
– to plan the research matrix of important factors for estimating their influence on safety 
parameters of sausage products; 
– to determine regressive dependencies of the influence of changeable factors on safety 
parameters of sausage products at storage; 
– to determine the adequacy of regression equations for reproducing real and calculating 
values of safety parameters of small sausages at storage;
– to determine a possibility of storage terms prolongation for sausage products, pasteur-
ized with an oxygen absorber according to reproduction results of real and calculating values 
of the content of sodium nitrite, peroxide, acid number and microbiological contamination 
level at storage.
4. Materials and Methods 
For parametrizing safety indices of sausages, pasteurized with an oxygen absorber for long-
term storage, there were used small sausages of the highest and first sort, produced at “Zhytomir 
meat-processing factory” LTD (Ukraine) by TC U 15.1-32122069-006:2008 [34].
The recipes of small sausages included pork, broiler chicken meat, beef, protein stabilizers, 
animal collagen-containing proteins and spices as raw materials [34].
Sausages, cooled to temperature 15 °С, were packed in multi-layer polymer films, pro-
duced by “Sirius Extrusion” LTD (Ukraine) with and without a sachet-package of an oxygen 
absorber at vacuum package with amount of an active substance 2.5 grams. The samples of sa-
chet-packages of oxygen-absorbers were produced according to TC C 20.5-02070938-143:2013 
“YUTAK” LTD (UKRAINE). 
Packed sausages were pasteurized in a thermochamber by «Fessman» (Germany) at tem-
perature 85–90 °С during 15–20 minutes. After further cooling to temperature 15 °С, packed small 
sausages were additionally cooled to a temperature from 0 to 6 °С and stored up to 95 days. At 
storage samples of sausages were selected according to the research plan, and microbiological 
parameters and residual content of nitrite were determined for them according to requirements of 
TC U 15.1-32122069-006:2008 by standard methods. 
Microbiological parameters were determined by the horizontal method of microorganism 
calculation [31–33], according to SSU ISO 4833-2:2014 «Microbiology of food chain.» 
For determining PN and AN, fat was removed. The small sausage batch was comminuted 
with water-free sodium sulphate and extracted by the infusion method. Solvers, provided by the 
correspondent method, are used for extraction. For determining AN, hot ethyl alcohol was used, 
for PN – the mixture of isooctane and icy acetic acid. 
For determining AN, a batch of the fat solution was taken away to a conic flask of 250 cm3. 
The sample batch mass was determined depending on the expected value of acid number. 
50 cm3 of ethyl alcohol that contains 0.5 cm3 of phenolphthalein was heated to boiling in the 
second flask. At ethyl alcohol temperature 70 °С, it was accurately neutralized by the potassium 
hydroxide solution. Titration was stopped if at adding one drop of alkaline, a hardly noticeable 
color change took place and didn’t disappear during 15 s. Neutralized ethyl alcohol was poured 
in the first flask with an experimental sample and accurately mixed. The content of the flask was 
boiled and titrated by the potassium hydroxide solution with the concentration С=0.1 mol/dm3 or 
С=0.5 mol/dm3 depending on the expected value of acid number, shaking the content of the flask 
at titration. The acid number was calculated by the formula: 
                                                     AN=5,611VK/m,   (1)
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where 5,611 – titre of 0.1 N solution of potassium hydroxide, mg/ml; V – amount of 0.1 N alkaline 
solution, spent for titration, ml; K – correction to the titre of the potassium hydroxide solution; m – fat 
batch mass, g.
For determining PN, a fat batch of 1 g was weighted in a corked flask, and 10 cm3 of chlo-
roform were added. The sample was dissolved, 15 cm3 of acetic acid and 1 cm3 of the iodine po-
tassium solution was added. After that the flask was corked, the content was mixed during 1 min 
and left for 5 min in a dark place at temperature 15–25 °С. Then 75 cm3 of water were added, ac-
curately mixed, and 5 drops of the starch solution were added. Two parallel measurings and control 
experience with the same reagents under the same conditions without fat were performed for each 
studied sample. 
The peroxide number (in millimoles) was calculated by the formula: 
                                                 Х=(V1–V0)·C·1000/m,    (2)
where, V0 – volume of the sodium thiosulphate solution, used for titrating the control sample, cm
3; 
V1 – volume of the sodium thiosulphate solution, used for titrating the main sample, cm
3; С – 
concentration of the sodium thiosulphate solution, mol/dm3; m – batch of the studied sample, g; 
1000 – calculating coefficient.
Thee- and fourfold repetition of the studied parameter was used for estimation in the re-
search process. The reliable probability was Р=0.95 for determining the statistical error.
The experimental data were modeled and processed by the mathematical package MathCad 
and “Data analysis” (ЕТ) MS Excel.
For estimating the influence extent of each factor, included in the model, on the studied 
resulting parameters at the fixed middle level of other factors, the three-factor regression analysis 
of the experimental data was conducted. 
An important condition was the absence of a functional connection between factors. The 
mathematic model was constructed as an analytic expression that determined a connection of factor 
signs with a parametrized index that is a response function was found. The equation of multiple re-
gression for the experimental data of determination in the process of storage of the residual content 
of sodium nitrite, PN and AN values and also MAFAM changes may be expressed in linear form: 
                                      Y(X1,X2, X3)=b0+b1X1+b2X2+b2X3+ε,   (3)
where, b0 – free term that determines Y value, when all independent variables of Xi are equal to 0.
b1, b2 – demonstrate how a resulting sign changes at changing each independent coded factor 
Х1, Х2 and Х3 by a measuring unit.
At determining parameters, changing factors were: 
С1 – storage time, days; (С1min=1; С1max=94; С01=47);
С2 – starch part in the recipe of small sausages, %; (С2min=0; С2max=3.15; С02=1,575);
С3 – presence of a sachet-package of an oxygen absorber at pasteurization with the net mass, 
g (С3min=0; С3max=2.5; С03=1.25);
Y1; Y2; Y3; Y4 – respectively residual content of the sodium nitrite, %; AN, KOH/g of fat; PN, 
mmol АA; MAFAM CFU in 1 g in control storage points; 
ε – occasional change, characterizing the deviation of Х1, Х2 and Х3 from the regression line 
(residual change).
For mathematical prognostication, there was the transition to coded numbers, system graph-
ics of the plan were developed and realized. 
Х1 is a coded variable that determines storage time of packed units of the products after pas-
teurization (Х1=–1 for the first day; Х1=+1 at the end of storage for 94 day). Х1 value in the middle 
of the plan approaches to the normatively recommended storage time of pasteurized sausages that 
is 45 days.
Х2 is a coded variable that determines the starch percent in the forcemeat mass of small sau-
sages (Х2=–1 for small sausages of the highest sort the starch share is equal to null; Х1=+1 at 3.15 % 
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of starch in forcemeat of small sausages, determined by the normative limitations of the starch 
share in small sausages of the first sort). 
Х3 is a coded variable that determines the net mass of the oxygen absorber mixture in a sa-
chet-package (Х3=–1 for small sausages, pasteurized without an oxygen absorber; Х1=+1 for small 
sausages, pasteurized with a sachet-package of an oxygen absorber with net content of an active 
substance in it 2.5 g). 
The mathematical expectation of the occasional deviation of εi is equal to 0 for all observa-
tions (M(εi)=0).
For estimating unknown parameters b0, b1, b2, the method of least squares (MLS) was used. 
According to it, unknown parameters of a function are chosen in such a way that the sum of devia-
tion squares of experimental (empirical) values of Yi from their calculating (theoretical) iðY  values 
is minimal that is: 
                       ( ) ( )( )2 20 1
1 1
, , ,..., min .
n n
i ið i i k
i i
S Y Y Y X b b b
= =
= − = − φ →∑ ∑  (4)
The planning matrix of the complete factor experiment for three factors is presented 
in Table 1. 
Table 1
The planning matrix of the complete factor experiment for three factors 
Experiment 
number
Plan in coded variables Real values of changing factors in experiments 
X1 X2 X3 С1, days С2, % С3, g
1 –1 –1 –1 1 0 0
2 –1 +1 –1 1 3.12 0
3 –1 –1 +1 1 0 2.5
4 –1 +1 +1 1 3.15 2.5
5 –0.35 –1 –1 35 0 0
6 –0.35 +1 –1 35 3.12 0
7 –0.35 –1 +1 35 0 2.5
8 –0.35 +1 +1 35 3.15 2.5
9 +0.35 –1 –1 65 0 0
10 +0.35 +1 –1 65 3.12 0
11 +0.35 –1 +1 65 0 2.5
12 +0.35 +1 +1 65 3.15 2.5
13 +1 –1 –1 94 0 0
14 +1 +1 –1 94 3.12 0
15 +1 –1 +1 94 0 2.5
16 +1 +1 +1 94 3.15 2.5
According to the research matrix, changes of the critically important safety parameters 
of small sausages in time by the obtained values of residual sodium nitrite (Y1, %), AN value 
(Y2, KОН/g of fat), PN value (Y3, mmol АA), MAFAM values (Y4, CFUin 1 g of the product) in con-
trol storage points were conducted at the whole storage time. 
Control time intervals in the studies of the critically important safety parameters were the 
first, 35, 65 and 94 days of storage.
At that the null time level was approximated to 45 days that normatively regulates the stor-
age time of pasteurized small sausages. 
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5. Results
According to the obtained results with using modeling and experimental data processing, 
using the mathematical package MathCad and “Data analysis” (ЕТ) MSExcel, regression equations 
that adequately describe correspondent dependencies between changing factors and response func-
tion were calculated. 
The adequacy of models was verified by determination coefficients 21 96 %,YR =  
2
2 98 %,YR =  
2
3 93 %,YR =  
2
4 91 %,YR =  
2
5 99 %YR =  and 
2
6 98 %YR =  that testifies to the high 
quality characteristics of the connection of system coefficients. Verification using F-test 
(F-Fisher criterion) and Student t-distribution for estimating the reliability of correlation co-
efficients was realized. 
The dependence of the residual content of nitrite (Y1, %) in small sausages at storage on 
changing factors is described by equation 5. 
                            1 1 2 30.0028 0.00001 0.00003 0.001 .Y X X X= − − +    (5)
This reproduction adequacy is visually traced in Fig. 1. 
Fig. 1. Reproduction of real and calculating values of the residual content of sodium nitrite in 
pasteurized small sausages at storage 
Equation 6 describes the quantitative ratio of Y2, AN mg, KOH/g of fat: 
                                   2 1 2 30.96 0,04 0,57 3,4 .Y X X X= + ⋅ − ⋅ + ⋅   (6)
This reproduction adequacy is visually traced in Fig. 2.
Equation (7) describes the change in time, PN, mmol AА (Y3):
                                 3 1 2 30, 47 0,1 0,66 7,25 .Y X X X= − + ⋅ − ⋅ + ⋅   (7)
This adequacy is visually traced in Fig. 3.
Equation 8 describes values of MAFAM, CFU in 1 g, (Y4):
                               4 1 2 391,81 1,09 3,66 426,28 .Y X X X= + ⋅ − ⋅ − ⋅   (8)
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Fig. 2. Reproduction of real and calculating values of acid number (AN) in pasteurized small sausages at storage 
Fig. 3. Reproduction of real and calculating values of peroxide number (PN) in pasteurized small sausages at storage
Fig. 4. Reproduction of real and calculating values of MAFAM and CFU in 1 g in  
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In the process of storage of pasteurized boiled sausage products the share of sodium nitrite 
decreases that may be connected with the increase of PN values at storage. 
For revealing the dependence of the change of sodium nitrite on PN, the response function 
was calculated by the totality of mathematic and statistic methods for finding combinations of ex-
perimental series of predicators for constructing a response surface. 
In general form the response function is described by the following polynomial: 




1 1 1 1
ˆ , ,
n n n n
l l k k ij i j
l k i j i
y x b b b x b x b x x
−
= = = = +
= + + +∑ ∑ ∑ ∑    (6)
where nx R∈  – vector of variables, b – vector of parameters.
For modeling residual sodium nitrite, response functions as polynomials of the second order 
were chosen. 
                           2
2 2
NaNO 0 1 11 2 22 12PN PN PN,Y b b b b b b= + τ + τ + + + τ   (7)
where b – constant; τ – time, days; PN – peroxide number, (PN, mmol АA),  
2NaNO
Y  – residual 
sodium nitrite, %.
For verifying the adequacy of the obtained dependencies, a mean square deviation was cal-
culated as a square root of dispersion by the formula:
















    (8)
where ˆ³y  – values, calculated by the regression equation, yi – values of the experimental data. 
For residual nitrite of pasteurized sausages σ=0.00001 % that testifies to rather high repro-
duction level of the research results of safety parameters values of pasteurized sausages. 
The analysis of the presented results testifies that repeated pasteurization provides enough 
microbiological stability of sausages without using an oxygen absorber. 
At using an oxygen oxidizer at the stage of pasteurization the microbiological stability is 
higher that allows to prognosticate by the MAFAM index potentially much more storage term of 
highest sort small sausages. The residual nitrite decrease at storage is corrected with increasing PN 
value. The analysis of AN and PN changes dynamics indicates potentially more negative influence 
of lipids oxidation processes compared to ones of lipids hydrolysis at small sausages storage. 
Thus, for substantiating the storage term of sausage products, it is necessary to prognosti-
cate and control the process of lipids oxidation by PN values together with MAFAM control. 
6. Conclusions
According to the analysis of recommended storage terms of pasteurized sausages and presence 
of starch in their recipes, the research matrix of the influence of pasteurization with a sachet-package 
with an oxygen absorber on small sausages’ safety parameters at storage has been planned. 
The regression parametrization has been conducted that allowed to determine the influence 
dependencies of changing factors on indices of the residual content of sodium nitrite, peroxide, acid 
number and MAFAM values at storage. 
The statistically reliable adequacy of the regression equation has been confirmed by repro-
duction of real and calculating values of the residual content of sodium nitrite, peroxide, acid num-
ber sausages and microbiological parameters in pasteurized small at storage. The obtained empir-
ical dependencies allow to prognosticate the storage term of boiled sausage products, pasteurized 
with an oxygen absorber at using protecting barrier multi-layer polymer materials. 
According to the regression equations it has been determined, that the use of an oxygen 
absorber at the pasteurization stage allows to increase the microbiological stability of sausage 
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products and to prognosticate the higher storage term of highest sort small sausages than the one, 
regulated by MAFAM index. The assessment of residual nitrite changes dynamics at storage is 
corrected with PN values increase. 
It has been confirmed, that for substantiating the storage term of sausage products, it is 
necessary to prognosticate and control the process of lipids oxidation by PN values together with 
MAFAM control. 
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